We present a method for reconstructing global ocean bathymetry that combines a standard 13 plate cooling model for the oceanic lithosphere based on the age of the oceanic crust, global 14 oceanic sediment thicknesses, plus generalized shelf-slope-rise structures calibrated at modern 15 active and passive continental margins. Our motivation is to develop a methodology for 16 reconstructing ocean bathymetry in the geologic past that includes heterogeneous continental 17 margins in addition to abyssal ocean floor. First, the plate cooling model is applied to maps 18 of ocean crustal age to calculate depth-to-basement. To the depth-to-basement we add an 19 isostatically adjusted, multi-component sediment layer, constrained by sediment thickness in 20 the modern oceans and marginal seas. A three-parameter continental shelf-slope-rise structure 21 completes the bathymetry reconstruction, extending from the ocean crust to the coastlines. 22 reconstructed bathymetry agrees with the measured ETOPO1 bathymetry at most passive 1 margins, including the east coast of North America, north coast of the Arabian Sea, and 2 northeast and southeast coasts of South America. There is disagreement at margins with 3 anomalous continental shelf-slope-rise structures, such as around the Arctic Ocean, the 4 Falkland Islands, and Indonesia. 5 6 Keywords global ocean bathymetry, depth-to-basement, ocean sediment, shelf-slope-rise, 7 residual bathymetry, reconstruction 8 9
Parameters of the shelf-slope-rise structures at active and passive margins are determined 23 from modern ocean bathymetry at locations where a complete history of seafloor spreading is 24 preserved. This includes the coastal regions of the North, South, and Central Atlantic Ocean, 25 the Southern Ocean between Australia and Antarctica, and the Pacific Ocean off the west 26 coast of South America. The final products are global maps at 0.1° x 0.1° resolution of depth-27 to-basement, ocean bathymetry with an isostatically adjusted, multicomponent sediment layer, 28 and ocean bathymetry with reconstructed continental shelf-slope-rise structures. Our 29 1 Introduction 10
Reconstructing paleobathymetry represents a challenge for modelling past climates. The 11 modern ocean bathymetry influences global climate in numerous ways. As examples, the 12 present-day Southern Ocean bathymetry blocks flow through Drake Passage, which has 13 effects on the magnitude of the circumpolar current (Krupitsky et al., 1995) and the stability 14 of the thermohaline circulation (Sijp and England, 2005) . Similarly, in the northern 15 hemisphere, variations in the depth of the Greenland-Iceland-Scotland Ridge have been 16 proposed to modulate North Atlantic Deep Water formation (Wright and Miller, 1996) . On 17 the global scale, tidal dissipation is concentrated in shallow marine environments, while the 18 generation of tides over rough ocean bathymetry has been proposed to play a major role in 19 driving deep ocean mixing (Simmons et al. 2004) . 20
Quantifying these processes in the geologic past requires detailed knowledge of 21 paleobathymetry. The geometrical rules of plate tectonics and seafloor spreading provide an 22 objective method for paleobathymetric reconstruction in the open ocean, and much progress 23 has been made in reconstructing this part of paleobathymetry younger than ~200 Ma. In 24 particular, the relationship discovered between ocean crust age and depth-to-basement 25 (Parsons and Sclater, 1977) was quickly exploited to estimate paleobathymetry of the Atlantic 26 and Indian oceans (Sclater et al., 1977a,b) . Pacific Ocean paleobathymetry proved to be more 27 challenging with its multiple spreading centers, plates of various sizes, ages and orientations, 28 and active subduction zones (Müller et al., 1997) , as well as the now lost Tethys Ocean 29 OES ocean bathymetry model involves the merging of open ocean regions and shelf-slope-23 rise regions (Figure 1 ). To accomplish the merging, map-based operations such as computing 24 distances between locations were carried out in ArcGIS 10.1, whereas local calculations such 25 as interpolation and statistics were carried out in Matlab R2014a. The workflow is 26 diagrammed in Figure S9 . 27 4
Reconstruction of Open Ocean Regions 1
Reconstruction of open ocean bathymetry starts with ocean crust age. This information is 2 available only at locations where oceanic crust is preserved or has been reconstructed. The 3 ocean depth-to-basement is the distance between mean sea level and the top of the basaltic 4 layer of the oceanic crust. Calculation of depth-to-basement is based on a cooling plate model 5 in which the vertical distance between mean sea level and basement ω τ is expressed as: 6
where the ω 0 = -2639.8 m is the area-weighted average of mid-oceanic ridge depths from the 8 North Pacific, Eastern Atlantic and Southeast Atlantic reported in Crosby et al. (2006) , and 9 is the change in depth due to plate cooling. Here we adopt a negative sign to denote depths 10 below mean sea level. The change in depth due to cooling of the oceanic plate is given by 11 (adopted from Equation 4.211 in Turcotte and Schubert, 2014): 12
where (=3 x 10 -5 K -1 ) is the volumetric coefficient of thermal expansion of the mantle, is 14
(1300 K) is the difference between upper mantle and ocean temperature, κ 16 (=3.410835 x 10 5 m 2 /s) is thermal diffusivity, (=2619.7 m) is equilibrium plate thickness, 17 all assumed to have constant values. 18
The equilibrium depth-to-basement corresponds to the limit of → ∞ in (2), 19 appropriate for the oldest crust: 20
.
(3) 21
In our reconstruction we use = -5875 m, the mid-point of the range -5750 to -6000 m in 22 the oldest part of the North Pacific (Crosby et al., 2006) . We assign an area-weighted average 23 value to the parameter β (Table 1) : 24
(4) 25 so that 26
In terms of and β, (2) becomes 1
We include the first 25 terms in the sum of (6) to ensure convergence. Lastly, the depth-to-3 basement is calculated with (1). 4
Reconstruction of ocean sediment thickness and isostatic correction 5
The addition of sediment and an isostatic correction from sediment loading of the oceanic 6 crust (e.g., Célérier, 1988 ) is needed to complete the bathymetry. A parameterized multi-layer 7 sediment cover, called 'OES sediment thickness' (Figures 2 and 3 ), was isostatically added on 8 top of the depth-to-basement ω τ; (Figure 4) to complete the open ocean bathymetry ( Figure 5 ). 9
OES sediment thickness ( Figure 3 ) was parameterized based on a third degree polynomial fit 10 between area corrected global sediment thickness data (Divins, 2003; Whittaker et al., 2013) 11 and age of the underlying oceanic crust . Sediment loading was calculated using a 12 multicomponent sediment layer with varying sediment densities given in Table 2 in 100-meter  13 increments of the sediment. The variable sediment densities were calculated from a linear 14 extrapolation of sediment densities in Crosby et al. (2006) (Table S1 ). For the isostatic 15 correction, in each 100 meter sediment layer we calculate an adjusted thickness given by 16
where ρ z is the density of the z th layer, = 3300 kg/m 3 and = 1000 kg/m 3 . The sediment 18 model has a total of 16 layers in which the basal layer includes all sediment deeper than 1500 19 meters. For a given location we sum D z to obtain the isostatically adjusted total sediment 20 thickness, which is then added to the depth-to-basement to obtain the open ocean bathymetry. 21
This loading correction is similar to procedures used by Crough (1983) and Sykes (1996) . 22
Reconstruction of shelf-slope-rise structures 23
To model the shelf-slope-rise structure, profiles from various modern shelf-slope-rises at 24 active and passive margin regions from ETOPO1 were examined, along with their 25 corresponding sediment thicknesses taken from Divins (2003) . As a representative active 26 margin, the west coast of South America was chosen ( Figure 6 ). For passive margins, the 27 6 Atlantic Ocean (north, south and central) and part of the Southern Ocean were chosen as 1 representatives, because their complete rifting history is preserved (Figures 7, S4 ). 2 Profiles from these representative regions were used to parameterize the widths of the 3 continental shelf, slope and rise as follows. The basic parameters of the shelf-slope-rise 4 structure ( Figure 8a ) include continental shelf width l sh , continental slope width l sl, and 5 continental rise width l r . The location of the maximum extent of oceanic crust according to 6 EB08 is labeled as M, and another anchor point labeled as P marks the boundary between the 7 shelf-slope-rise structure and the open ocean. These are related by: 8 l sh + l sl = M (8a) 9 l sh + l sl + l r = P (8b) 10
where M and P are the distances of coastline from points M and P, respectively. 13
The numerical coefficients in (8a) -(8d) were obtained from fits to ETOPO1 profiles (Figures 14 6, 7 and S4). In Figure 8b we plot the width of the slope + rise versus the width of the shelf 15 from a set of passive margin regions that span a range of shelf widths. We then fit a parabola 16 to this data, constraining the parabola to pass through the origin in order to model the 17 structure at active continental margins. We apply this parabolic fit to active margins and to 18 passive margins where the shelf width is less than the parabola maximum, approximately 350 19 km. Shelves having widths greater than this maximum are treated individually as special 20
cases. 21
To determine the corresponding depths, we work outward from the coast. First we apply a 22 uniform gradient of 3.2º in depth over the width of the shelf. This value of the shelf gradient 23 was obtained from analysis of 17 ETOPO1 transects (Figures S4). For the depth distribution 24 along the slope and rise, we assume another uniform gradient as illustrated in Figure 8a This methodology works for all shelf-slope-rise regions except where the shelf is anomalously 27 extended, for example, north of Siberia, the Falkland Islands region, and the complex regions 28 in Southeast Asia. If the M point is too far from the coastline, so that l sh + l sl > 800 km, or too 29 close to the coastline, so that l sh + l sl < 100 km, then the relationship among the three widths 30 7 no longer holds. For these regions we assume that P=M (Figure 1c ). To complete the 1 reconstruction, these regions were filled by interpolation from neighboring regions. In contrast to active margins, passive margins are characterized by significant shelf-slope-rise 11 regions. Three out of the sixteen passive margin cross sections studied are shown in Figure 7 . 12
The extent of the shelf region varies substantially along passive margin coastlines, which 13 accounts for the scatter among the profiles in Figure 7 . For example, in the profile between 14 the southern tips of Africa and South America, the South American side has a very wide, 15 platform-like shelf region that extends for more than 500 km, whereas on the African side the 16 shelf is at most 100 km wide. 17
The bathymetric gradients at passive continental margin slopes in Figure S5 vary 18 significantly, from -0.004 to -0.018. Compared to active margins, passive margins are 19 characterized by greater thickness of sediments and more lateral variability. The greater 20 sediment thickness on passive margins and its greater lateral variability are evident in the 21 thirteen passive margin transects shown in Figure S4 . 22 ages. In Figure 5 , the open ocean bathymetry is shown with the modeled sediment cover from 10 Bengal. 16
Model evaluation 17
The addition of the shelf-slope-rise model completes the OESbathy (Figure 9 ), except for 18 ocean islands, seamounts, trenches, plateaus and other localized anomalies plus the 19 underlying dynamical topography. Below we evaluate the modeled OESbathy with respect to 20 ETOPO1 and EB08. 21
Statistics 22
Basic statistics of the OESbathy, ETOPO1 and EB08 are summarized in Table 3 , which 23 highlight major differences among the bathymetries. Compared to the -10714 meter 24 maximum depth of ETOPO1, OESbathy maximum depth is -6522 meters, while the deepest 25 point of EB08 is only -5267 meters. These differences from ETOPO1 are due to the absence 26 of trenches in the reconstructions. The average ocean depths for the ETOPO1, OESbathy and 27 EB08 are -3346, -3592 and -4474 meters, respectively, signifying that EB08 in particular is 28 very deep compared to ETOPO1. The standard deviations of the ETOPO1, OESbathy and 29 EB08 are 1772. 25, 1668 .52 and 785.08 meters, respectively. These values suggest that 30 9 compared to ETOPO1, the EB08 is overall very smooth, whereas OES bathymetry has a 1 variability that is comparable to ETOPO1. 2
We also assessed the skewness and kurtosis of the three bathymetries. Skewness is a measure 3 of the asymmetry of data around their mean, and is zero for a symmetric distribution. The 4 skewness of OESbathy (1.34) lies between ETOPO1 (0.67) and EB08 (1.81), indicating a 5 closer fit of OESbathy to ETOPO1 than EB08 to ETOPO1. Kurtosis is a measure of how 6 outlier-prone a distribution is. Kurtosis equals to 3 for a Normal distribution, whereas outlier-7 prone distributions have a kurtosis greater than 3, and less outlier-prone distributions have 8 kurtosis less than 3. For the three bathymetries the kurtosis values are 2.30 (OESbathy), 3.26 9 (ETOPO1) and 7.69 (EB08). It should be noted that OESbathy does not take into account 10 large igneous provinces (LIPs), seamounts, or plateaus, whereas EB08 has incorporated some 11 of the major LIPs. 12
Difference maps 13
To assess the quality of our results, we difference OESbathy from ETOPO1 in Figure 10 Likewise, OES sediment thickness exceeds Divins sediment thickness (up to 0.5 km) in the 1 eastern Indian Ocean (offshore Australia) and significantly exceeds (by more than 1 km) 2 measured sediment thickness throughout the western Pacific Ocean. Figure S6 can also be 3 compared with Figure S5 in Müller et al. (2008b) , which is an equivalent difference map 4 between their more detailed sediment model and Divins sediment thickness. 5
Shelf-slope-rise profiles 6
Randomly selected shelf-slope-rise cross sections from all continents, here referred to as 7 "profiles", are compared for OESbathy, EB08 and ETOPO1 (Figure 11 and Figure S7 are partial fits, and the profiles in Figure 11f , h, i are poor fits. In all profiles, EB08 is shown 10 only for the deep oceans with no continental shelf or slope, and as a result none of the EB08 11 profiles reach the coast. Of the 64 profiles depicted, nearly 50% fit well with ETOPO1. 12 Along Profile 1 from the North Pacific (Figure 11b ), OESbathy is in good agreement with the 13 ETOPO1, especially for the shelf and slope. Beyond 550 km, OESbathy is deeper and lacks 14 the local variations of ETOPO1, such as from the seamounts. EB08 is even deeper than 15
OESbathy along this profile with a similar lack of local variation. Along the northeast coast of 16 South America and Australia (Figure 11c, g) , Profiles 12 and 39, OESbathy agrees with 17 ETOPO1, whereas the EB08 is deeper than both OESbathy and ETOPO1. Figure 11j Lastly, we point out that our shelf-slope-rise formulation constitutes a marked improvement 1 over simple bathymetric interpolation between the coastline and oldest oceanic crust. 2 Bathymetric interpolation would not resolve the extreme differences in slope between shelf 3 and rise, nor would it faithfully represent the heterogeneity in shelf lengths found in the 4 modern ocean. 5
Residual bathymetry 6
The Divins sediment thickness ( Figure S2 ) may be isostatically subtracted from ETOPO1 7 ( Figure S3 ) to yield a sediment-stripped bathymetry that should be in isostatic equilibrium 8 with the mantle (Figure 12a ). To detect deviations in this bathymetry from isostatic 9 equilibrium, the OESbathy modeled depth-to-basement (Figure 4) , which is in isostatic 10 equilibrium with the mantle (Equations 2 and 3), is subtracted from the sediment-stripped 11 bathymetry. This residual bathymetry (Figure 12b OESbathy subjected to the same treatment as ETOPO1 provides a secondary check of our 15 methodology (Figure 13a ). Removing sediments, including their loading, results in a 16 difference map with deeper values than ETOPO1 with the same sediment correction applied 17 (compare Figure 12a and 13a) . This difference also appears in the residual OESbathy ( Figure  18 13b), which shows slightly negative mid-ocean ridges, mostly positive coastlines, and very 19 negative terrigenous sediment fans. 20
Bathymetric impacts on climate 21
It remains unclear whether the differences between true and reconstructed bathymetry 22 produce qualitatively important impacts on climate. One fundamental process for which 23 bathymetry is potentially important is ocean tidal amplitude, which depends sensitively on 24 basin resonances (which in turn depend sensitively on the ocean depth affecting the speed of 25 gravity waves, Arbic et al., 2009). As noted above, both lateral (Krupitsky et al., 1996) and 26 vertical (Sijp and England, 2005) ocean circulation have also been hypothesized be sensitive 27 to the details of bathymetry. Work to evaluate these sensitivities in modern models will be a 28 future focus of research. 29
13
Another key issue concerns reconstructed paleo-bathymetry with simple vertical ocean 1 margins, i.e., no realistic shelf-slope-rise structures, which if applied to paleo-oceans could 2 result in substantially inaccurate paleoclimate simulation. Shelf-slope-rise structure is known 3 for present-day ocean models, but not for paleo-ocean models; the "modular" aspect of the 4
OESbathy reconstruction provides a convenient means to test the effect of shelf-slope-rise 5 structures on modern climate simulation. Obviously such a test could be undertaken by simply 6 removing the actual shelf-slope-rise structures from ETOPO1, but to our knowledge this has 7 never been done. 8 9 6 Conclusions 10
The reconstruction method described in this paper was applied to modern data in order to test 11 how well simple parameterizations of the deep and coastal oceans replicate actual modern 12 ocean bathymetry. Our method uses well established oceanic crust ages, a cooling plate 13 model, a parameterized sediment cover for the open oceans, and a parameterized shelf-slope-14 rise structure based on modern bathymetry of ocean margins. The reconstructed bathymetry is 15 called 'OESbathy'. 16
Comparison of OESbathy with ETOPO1 shows global scale agreement ( Figure 10 ; Table 3) The modeled shelf-slope-rise structure for connecting the reconstructed open ocean regions to 1 the continental coastlines was parameterized with respect to adjacent ocean crust age and 2 present-day geometry of the continental shelf-slope-rise. The results show good fits to 3 ETOPO1 for one half of the 64 profiles examined from around the world oceans; the other 4 half of the profiles examined show moderate to poor fits to ETOPO1. 5
Residual ocean bathymetry computed from ETOPO1 consistently highlights positive 6 anomalies in the North Atlantic Ocean, offshore southeast Africa, and the west Pacific Ocean, 7 where actual bathymetry is elevated more than 1.5 km with respect to that produced by a 8 cooling model of the oceanic lithosphere. 9
10
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